The LHCb experiment has recently established a sizable width difference between the mass eigenstates of the B smeson system. This phenomenon leads to a subtle difference at the 10% level between the experimental branching ratios of B s decays extracted from time-integrated, untagged data samples and their theoretical counterparts. Measuring the corresponding effective B s -decay lifetimes, both branching ratio concepts can be converted into each other. The rare decay B 0 s → µ + µ − and the search for New Physics through this channel is also affected by this effect, which enhances the Standard-Model reference value of the branching ratio by O(10%), while the effective lifetime offers a new observable to search for physics beyond the Standard Model that is complementary to the branching ratio.
Introduction
Weak decays of B 0 s mesons encode valuable information about the quark-flavour sector of the Standard Model (SM) of particle physics. The conceptually simplest observables are branching ratios, which describe the probability for the considered decay to occur.
Measurements of B s -decay branching ratios at hadron colliders would require precise knowledge of the B s production cross section, which is not available, and rely therefore on experimental control channels and the ratio of the f s / f u,d fragmentation functions (for a detailed discussion, see Ref. [1] ). At the e + e − B factories operating at the Υ(5S ) resonance, B s -decay branching ratios can be extracted since the total number of produced B s mesons can be determined separately [2] .
The neutral B s mesons exhibit B 0 s -B 0 s mixing. Measuring the time-dependent angular distribution of the B 0 s → J/ψφ decay products [3] , LHCb has recently established a non-vanishing difference ∆Γ s between the decay widths of the B s mass eigenstates [4] :
where Γ s is the inverse of the average B s lifetime τ B s .
Since a discrete ambiguity could also be resolved [5] , we are left with the sign in (1) , which agrees with the SM expectation. A sizable value of ∆Γ s was theoretically expected since decades [6] . In view of the sizable ∆Γ s , special care has to be taken when dealing with the concept of a branching ratio, and the question of how to convert measured "experimental" B s -decay branching ratios into "theoretical" B s branching ratios arises. This issue is the central topic of this writeup, summarizing the results of Refs. [7, 8] . A special emphasis will be put on the rare decay B 0 s → µ + µ − .
Branching Ratios of B s Decays

Experimental vs. Theoretical Branching Ratios
The untagged rate of a B s decay, were no distinction between initially present B 0 s orB 0 s mesons is made, is a sum of two exponentials:
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Here the parameter y s was introduced in (1), and
is an observable depending on the final state f . The branching ratios given by experiments are extracted from total event yields, without taking time information into account, and can be defined as follows [7, 9] :
On the other hand, theorists usually consider and calculate the following CP-averaged branching ratios:
where the B The experimental branching ratios defined in (5) can be converted into the theoretical branching ratios defined in (6) by means of
where the term in square brackets would equal one for a vanishing B s decay width difference. However, for the experimental value of y s in (1), the theoretical B s → f branching ratios can differ from their experimental counterparts by up to 10%, depending on the the final state f . Using theoretical input, in particular the S U(3) F flavour symmetry, the A f ∆Γ observables can be estimated for specific decays (for examples of recent analyses, see Refs. [10, 11, 12] ), as compiled in Ref. [7] .
Effective B s Decay Lifetimes
Once time information for the untagged B s decay data sample becomes available, the theoretical input for determining A ∆Γ can be avoided in the extraction of the theoretical branching ratio (6) [7] .
Using the effective B s decay lifetime
we obtain
where only measurable quantities appear on the righthand side. The measurement of effective B s decay lifetimes is hence an integral part of the extraction of the theoretical branching ratios (6) from the data and not only an interesting topic to constrain the B 0 s -B 0 s mixing parameters [10] . The use of the theoretically clean relation in (9) is advocated for the compilation of B s decay properties in particle listings.
For a discussion of experimental subtleties related to the measurement of B s decay branching ratios and effective lifetimes, the reader is referred to Ref. [7] .
B s → VV Decays
The branching ratio measurements of B s → VV decays into two vector mesons, such as B s → J/ψφ, B s → K * 0K * 0 and B s → D * + s D * − s , are also affected by the sizable width difference ∆Γ s [13, 14] . Here an angular analysis of the decay products of the vector mesons has to be performed in order to disentangle the CP-even (0, ) and CP-odd (⊥) final states, with
The experimental branching ratios can then be converted into the theoretical branching ratios through
with the help of theoretical information on the A VV,k ∆Γ observables, or by means of the relation
utilizing effective lifetime measurements [7] .
B
0 s → µ + µ − and a New Window for New Physics
Setting the Stage
A key probe of New Physics (NP) is the rare decay B 0 s → µ + µ − , which receives only loop contributions from box and penguin topologies in the SM. Here the (theoretical) branching ratio is predicted as follows [15] :
In the presence of NP, the branching ratio may be affected by new particles in the loops or new contributions at the tree level [16] . The error of (13) is dominated by lattice QCD input for non-perturbative physics [17] . The limiting factor for the B 0 s → µ + µ − branching ratio measurement at hadron colliders is the ratio f s / f d , where the fragmentation functions f s(d) describe the probability that a b quark fragments in aB [1, 18] was recently implemented at LHCb [19] , with a result in good agreement with measurements using semileptonic decays [20] . The S U(3)-breaking form-factor ratio entering the non-leptonic method has recently been calculated with lattice QCD [17, 21] .
Searches for the B 0 s → µ + µ − decay were performed by the CDF [22] , D0 [23] , ATLAS [24] , CMS [25] and LHCb collaborations. The latter experiment has recently reported the currently most stringent upper bound on the branching ratio, which corresponds to
at the 95% confidence level [26] , and is approaching the SM prediction (13) . For a recent review of the experimental studies, see Ref. [27] . In the analyses of the B 0 s → µ + µ − decay, the impact of ∆Γ s was not taken into account. In view of the discussion in the previous section, the question arises how the sizable value of ∆Γ s affects the theoretical interpretation of the B 0 s → µ + µ − data and whether we can actually take advantage of this decay width difference [8] .
Low-Energy Effective Hamiltonian
In order to address this issue, we use the general low-energy effective Hamiltonian describing the decaȳ B 0 s → µ + µ − as the starting point. Using a notation similar to Ref. [28] , where a model-independent NP analysis was performed, it can be written as
where G F and α are the Fermi and QED fine-structure constants, respectively, and the Vare elements of the Cabibbo-Kobayashi-Maskawa (CKM) matrix. The short-distance physics is encoded in the Wilson coefficients C i , C i of the four-fermion operators
where 
Observables
For the calculation of the B s → µ + µ − observables, it is convenient to go to the rest frame of the decayingB 
Here φ s is the B 0 s -B 0 s mixing phase, whereas φ CP (B s ) denotes a convention-dependent phase which is associated with CP transformations [29] . Expressing thē B and performing appropriate CP transformation results eventually in the following expression [8] :
where all convention-dependent quantities (such as the φ CP (B s ) phases) cancel, η L(R) = +(−)1, and
These combinations of Wilson coefficient functions have been introduced in such a way that we simply have P = 1 and S = 0 in the SM, whereas P ≡ |P|e iϕ P and S ≡ |S |e iϕ S carry, in general, non-trivial CP-violating phases ϕ P and ϕ S (see also Ref. [28] ). It should be noted that the non-perturbative B s -meson decay constant f B s , which arises in the parametrization of (18) and affects the SM prediction (13) , cancels in the observable (19) .
Before having a closer look at the branching ratio, it is interesting to consider the following time-dependent rate asymmetries, which require tagging information and knowledge of the muon helicity λ:
Here ∆M s denotes the mass difference between the heavy and light B s mass eigenstates while y s is given in (1) . Neglecting the impact of ∆Γ s , such CP asymmetries were considered for B s,d → + − decays within various NP scenarios in the previous literature [30, 31, 32] .
The observables entering (22) are governed by ξ λ in (19) and take the following expressions [8] :
which are theoretically clean. Note that S CP ≡ S λ and A ∆Γ ≡ A λ ∆Γ do not depend on the muon helicity λ. In the discussion given above, it was assumed that NP enters only through the Wilson coefficients governing theB s to the few-degree level [3] . Consequently, this effect is negligible from the practical point of view for the following considerations.
It is difficult to measure the muon helicity. In order to circumvent this problem, we consider the
rate and its counterpart for initially presentB 0 s mesons, which can be combined into the CP asymmetry
.
Since a non-zero value would immediately signal new CP-violating phases, it would be most interesting to measure this asymmetry. This feature was recently highlighted in Ref. [33] for minimal U(2) 3 models [34] . Unfortunately, despite the independence on the muon helicity, this is still challenging from the practical point of view as tagging and time information are required. An analogous expression holds for the rare B d → µ + µ − decays, where y d is negligibly small.
Closer Look at the Branching Ratios
From the practical point of view, the branching ratio extracted from untagged data samples, ignoring the decay-time information, is the first measurement:
Here the untagged Γ(B s (t) → µ + µ − ) rate is given in general terms in (2) and (3).
Since A λ ∆Γ in (25) does actually not depend on the muon helicity, i.e. A ∆Γ ≡ A λ ∆Γ , we can apply (7) to extract the theoretical branching ratio from the experimental branching ratio (28):
The former is considered and calculated by the theoretical community (see, e.g., Refs. [15, 28] ), and satisfies
The y s terms in (29) had not been taken into account in the comparison between theory and experiment [8] .
As can be seen in (25) , A ∆Γ depends sensitively on NP entering through the Wilson coefficients which govern the B 0 s → µ + µ − channel. Consequently, this observable is currently unknown. Varying A ∆Γ ∈ [−1, +1] yields
which has to be added to the experimental error of (28) . On the other hand, within the SM, we have the theoretically clean prediction A SM ∆Γ = +1. If we rescale the theoretical SM branching ratio in (13) correspondingly by a factor of 1/(1 − y s ) and use (1), we obtain
This is the SM branching ratio reference value for the comparison with the experimental branching ratio (28).
Effective Lifetime
Once the B 0 s → µ + µ − decay has been observed and more experimental data become available, it is possible to include also the decay time information in the analysis so that the effective B 0 s → µ + µ − lifetime τ µ + µ − , which is defined as in (8), can be measured. Since A ∆Γ in (25) does not depend on the muon helicity, this observable can be extracted from the effective lifetime with the help of the relation
and results in
This expression takes the same form as (9) and allows the conversion of the experimental B s → µ + µ − branching ratio into its theoretical counterpart, irrespective of whether there are NP contributions present or not. Consequently, the error in (31) can then be eliminated.
The effective B 
Constraints on New Physics
Looking at the expression for A ∆Γ in (25) , it is obvious that this observable and the effective lifetime τ µ + µ − may well be affected by NP. The ∆Γ s effects propagate also into the constraints on NP parameters that can be obtained from the comparison of the experimental information on the B s → µ + µ − branching ratio with the SM branching ratio, where it is useful to introduce [8] 
Using (25) and (29), the ratio R takes the form
Combining (13) and (14) yields the bound R < 1.4, where the theoretical uncertainty of the SM prediction of the B 0 s → µ + µ − branching ratio was neglected. The ratio R would fix a circle in the |P|-|S | plane for y s = 0, i.e. for a vanishing B s decay width difference. On the other hand, for non-zero values of y s , R can be converted into ellipses which depend on the CP-violating phases ϕ P,S . As the latter quantities are in general unknown, R results in a circular band, with the upper bounds |P|, |S | ≤ (1 + y s )R. Since the S and P contributions cannot be separated through experimental information on R, as can be seen in (36), there may still significant NP contributions be present in B 0 s → µ + µ − , even if the branching ratio should eventually be measured close to the SM expectation.
As was pointed out in Ref. [8] , the measurement of the effective lifetime τ µ + µ − and the associated untagged A ∆Γ observable allows a resolution of this situation. The point is that
fixes a straight line through the origin in the |P|-|S | plane. For illustrations, the reader is referred to the figures shown in Ref. [8] .
In the most recent analyses of the constraints on NP parameter space that are implied by the experimental upper bound on the B s → µ + µ − branching ratio for various extensions of the SM, authors have now started to take the effect of ∆Γ s into account (see, for instance, the papers listed in Refs. [33, 35] ).
Conclusions
The non-vanishing width difference of the B s -meson system, which has recently been established by LHCb, leads to subtleties in the extraction of B s branching ratio information from the data but offers also new observables. The differences between the experimental and theoretical branching ratios can be as large as 10%, depending on the final state. Both branching ratios can be converted into each other either through theoretical considerations or through the measurement of the effective B s → f decay lifetimes. As the latter involves only experimental data, it is generally the preferred avenue.
The rare decay B 0 s → µ + µ − is also affected by ∆Γ s , where the theoretical branching ratio in (13) has to be rescaled by 1/(1 − y s ) for the comparison with the experimental branching ratio, resulting in the SM reference value of (3.5 ± 0.2) × 10 −9 . Thanks to ∆Γ s , the B 0 s → µ + µ − decay offers a new observable, which is the effective lifetime τ µ + µ − . It allows the inclusion of the ∆Γ s effects in the conversion of the experimental into the theoretical branching ratio. Moreover, it offers also a new, theoretically clean NP probe that may still show large NP effects, in particular those originating from the (pseudo-)scalar + − densities entering the four-fermion operators. This observable may even show NP should the B 0 s → µ + µ − branching ratio be found close to the SM prediction. The measurement of τ µ + µ − and the associated A ∆Γ observable is an exciting new topic for the high-luminosity upgrade of the LHC. Detailed feasibility studies are strongly encouraged.
